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ABSTRACT

This report describes the design analysis of the throat section
for a large (50-inch-diameter test section), continuous flow, axisym-
metric wind tunnel which is currently in operation at the AEDC. The
maximum stagnation conditions are 2000 psia and 1450°F.

Several problems which must be considered before design are
cited, and possible means of solution are discussed. The ''as-built"
article, which in essence is simply a water-cooled liner housed in
a pressure shell, is described, and a method, which allows reason-
able selections of geometry and cooling requirements, outlined. This
method is extended to enable forecast of temperature distribution and
resultant stress along the throat section and is applied, not only to
the Mach 10 configuration, but also to a proposed interchangeable
counterpart which would permit aerodynamic testing at Mach 12.
Maximum stagnation conditions therein would be 2400 psia and 1940°F.

PUBLICATION REVIEW

This report has been reviewed and publication is approved.
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NOMENCLATURE

A Area, in. 2
Cs Skin friction coefficient
cp Specific heat at constant pressure, Btu/lb°F
D Hydraulic diameter, ft
d Diameter, in.
E Young's modulus, 1b/in. 2
f Friction coefficient
G Mass rate of flow, 1b/hr ft2
g Acceleration due to gravity, ft/sec?
h Heat transfer coefficient, Btu/sec ftZ°F
K Ratio of rao:rq
K Conductivity, Btu/hr ft2 °F/ft
La Axial load, 1b
Y Length, in.
M Mach number
Pr Prandtl number, cpv/K
p Pressure, 1b/in. 2

Rate of heat flow, Btu/sec

Gas constant, ft/°R
Re Reynolds number, (pV/v) x a characteristic length
R* Longitudinal radius of curvature at the throat, in.
r Radius, in.
re Recovery factor
I'h Hydraulic radius, ft
St Stanton number, h/cpVp
T Temperature, °R; °F
t Thickness, in.
Vv Velocity, ft/sec
v Specific volume, ft3/1b
X Water flow rate, gpm
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x A distance along the nozzle, ft
a Coefficient of thermal expansion, in./in. °F
y Ratio of specific heats
y Coefficient of thermal stress, 1b/in. 2 °F
A An increment
v Viscosity, 1b/hr ft
v Poisson's ratio
p Density, 1b/ft3
o Stress, 1b/in. 2
SUBSCRIPTS
At the air-side wall
b Denotes bulk temperature of the water
f Due to friction
i Initial
L Due to axial load
J4 Longitudinal
m Mean
o At stagnation conditions
p Due to pressure
r Radial; also, at a radius; also, recovery temperature
s Free-stream conditions
T Due to temperature
t Tangential
w At water-side wall; also, working stress
X Versus station
1,2, Defined by sketch, in Section 4.1

SUPERSCRIPTS

% At the throat

’ At Eckert's reference temperature
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1.0 INTRODUCTION

A continuous flow, Mach 10, axisymmetric wind tunnel, Yvith,50-inch-
diameter test section, is currently in operation at the von Karman Gas
Dynamics Facility (VKF), Arnold Engineering Development Center (AEDC),
Air Force Systems Command (AFSC). Maximum stagnation conditions
are 2000 psia and 1450°F.

This report is concerned with the design analysis of the present
throat section and of a proposed interchangeable counterpart for use at
a Mach 12. Sectional views of each are shown in Figs. 1 and 2. Other
components of the tunnel are described in detail in Ref. 1.

2.0 DESIGN REQUIREMENTS AND CONSIDERATIONS

Several problems are inherent in the design of the throat section of
a hypersonic wind tunnel, particularly one of large size in which tem-
peratures approach 2000°F and operation is to be continuous. First,
because of aerodynamic considerations, the contour must remain stable,
smooth, and continuous, at least downstream of the location where the
Mach number is 0.1. Secondly, the material selected must be capable
of sustaining the stresses induced by the pressure and thermal gradients
and of withstanding the corrosive and errosive actions of the airflow. In
addition, ease of fabrication, assembly and maintenance, and the require-
ments of personnel safety must be met. At least two avenues of approach
are readily apparent; these are discussed herein.

Consider first an uncooled liner, perhaps made from a ceramic,
cermet, high temperature metal, or metal alloy, cast or machined to
the required aerodynamic contour and enclosed in a steel pressure shell.
The material choice, if fabricated from ceramic or cermet, would depend
primarily on an ability to withstand severe thermal shock. Strength,
though important, becomes a secondary consideration because of the
feasibility of applying static pressure, somewhat above the maximum
stagnation, on the outside of the liner. The resultant pressure stresses
are thus transformed from tension to compression, an ideal situation
from the standpoint of most ceramics or cermets. Temperature expan-
sion forces may be minimized by the choice of a material with a low

Manuscript received November 1962,
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couefficient of thermal expansion and, if necessary, by designing the liner
in two sections, opposing ends attached to the pressure shell and near
ends telescoping one into the other. Packing the cavity between liner
and shell with insulation and allowing the external pressure (assumed

to enter at relatively low temperature) to bleed in controlled quantity
through the annulus around the telescoping joint would ensure a reason- ,
able shell temperature and prevent the formation of hot spots caused by
thermal circulation. A similar configuration might be made from a

high temperature metal or metal alloy. The choice of material, in this
case, would be based on resistance to scaling in air at high temperature
and pressure, low thermal coefficient of expansion, and at least a
modest creep strength.

As a second possibility, consider the use of a metal, water-cooled
liner enclosed, as before, in a steel pressure shell which serves to
contain the water and, in addition, provides back-up structure in the
event of liner failure. Such a scheme obviates the former requirement
of thermal shock resistance necessary for a ceramic liner and mini-
mizes the thermal expansion problems inherent in the uncooled metal
version. A liner made in two telescoping sections would still be manda-
tory because of axial growth; however, again as before, cool high pres-
sure air in controlled quantity might be bled through the joint annulus
and thereby effect a degree of boundary-layer cooling. In addition, this .
circumvents considerable difficulty in providing a positive seal between
two surfaces which are subjected to bi-directional movement. For such
a configuration, the liner must be capable of withstanding the combined
effects of water and air pressure and, in addition, effectively transmit
heat to the water. Therefore, the material choice depends on high
thermal conductivity and yield strength and on low modulus and coeffi-
cient of thermal expansion, all at the resultant operating temperature
of the metal. Arranged on the following page in preferencial order, for
an operating temperature of 650°F, are some of the obvious possibilities
within the scope of commercially available materials.
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—— T T
\ Callow K @ E UK/CIZ‘
Material Tpsi Btu/ft in. x 108 psi Btu x 10-3ﬁ

x 1073 | hr ftZ °F in °F x 1076 hr ft
Berylco 10 95 165 10.3 17.5 87.0
Berylco 25 150 82 10 19 64.7
Zr-Cu 34.8 205 11.2 17 47.0
Molybdenum >35 74 2.6 <42 >23.17
Tungsten 47.8 71.7 2.6 57 23.1
Al-Bronze (92-8) 7.5 >42 10 <15 >21.0
Silver < 8 215 | 11.1 7.8 <19.9
Cu-Ni (70-30) 9.8 25 9 16. 4 16.6
A-L-25 Ni (Maraging) 250 -12 <8 <23 -16.3
Hi Carbon Steel 100 24.5 7.3 25,6 13.1
Cr-Cu <13 >187 10 <19 -12.8
Ferritic Stainless Steel 109 13 6.2 25,4 9.0
Low Alloy Steel (4130) 100 16.5 7.3 27. 0 8.4
17-4PH Stainless Steel 92 12 6.4 26 6.6
Hi Alloy Steel (J-1300) 120 9.1 8.7 25.4 5.3
Pure Copper < 2.8 217 9.8 13.9 < 4.1
Ti (4A1-3 Mo-1IV) 23 9 5 14.5 2.9
Austenitic Stainless Steel 45.5 11.5 9.1 24,3 2.4
Electrolytic Nickel 18.1 28.5 9.3 27.2 2.0
Monel 1 21.5 17.3 J 9.7 24 1.6

3.0 CHOICE AND DESCRIPTION OF DESIGN

Juxtaposition of the design possibilities outlined previously leads to
the choice of a water-cooled throat section. The feasibility of this selec-
tion is justified in later sections; however it should be noted that Mach 12,
for the size of the tunnel under consideration, is near the upper limit of
such a configuration because of the high heat transfer rates involved. A
brief description of the geometry that was finally chosen follows.

As shown in the table in Section 2.0, Berylco-10 has the highest
ratio of ocK/aE and is judged, therefore, to be the material most suitable
for the liner, which is made in two sections, machined to form the
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aerodynamic contour, and enclosed in a thick walled pressure shell (see
Figs. 1 and 2). Water supplied from a high pressure source is forced
through longitudinal grooves cut in the upstream section and, down-
stream, through an annular passage between the liner and a surrounding
jacket. A telescoping joint, the entrance of which is located in the
region of low sub-sonic flow (i. e., the Mach number £ 0.1), is provided.
Three piston rings are contained within the joint, and air, coming from
the tunnel supply source but bypassing a propane-fired heater in the flow
circuit, is introduced between the upstream pair of rings. This air,
arriving at heat of compression temperature and a pressure somewhat
above stagnation, then spills in two directions, a portion into the tunnel
and the balance past the third ring and out a vent to atmosphere. A
flange, integral with the downstream liner, retains the water seals on
that section and is sized to counterbalance, by means of water pressure,
the axial load of the air. For the Mach 10 throat section now in opera-
tion, raw water is supplied at the rate of 325 gpm with an inlet pressure
of 400 psig and dumped to drain; for Mach 12 operation, 750 gpm of dis-
tilled water at 1150 psig would be required and, for reasons of economy,
would be contained within a closed loop.T

4,0 GENERAL ANALYSIS

4.1 BASIC GEOMETRY AND EQUATIONS

Consider the free body, which shows a portion of the downstream
liner section under the action of pressure forces from tunnel air and
cooling water.

Vent to Atmosphere \ O-Ring Seals
Bleed Air in Downstream Liner
Piston Ring Seals:l
] Dy T
1 VWater Jacket
r
5
*
Pw b
T4 Pa: ® P ¥ie -
L p,* < 0,538 ',
/ Airflow r| ry
Water Flow through

Annular Cooling Passage

TSeparate cooling circuits are provided for the up and downstream
liners; 50 gpm are used (or will be used) for the former at either Mach
number.
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Basic stress equations, written for a differential element at the
throat are:

Whenr = ry:
oy = 0.5283 p, {:,jll}- ;zpf; — 7, (Ta = Ty) Eq. (1)
pylrs?=r®) (r = r,?) -
= - - =2 - Ta - Tw .
% TS I TSR ( ) Ea. (2)
or = 0.5283 p,_ Eq. (3)
When r = rg:
1.057 p, . (K 41 =
. Pw (r,‘ "rzz) _ Po (“z “’12) -
9 = rlz (K2-1) rlz(Kz_l) Y (Ta = Tw) Eq (5)
9 = = p,* Eq. (6)

If steady-state heat transfer is considered, the thermal stress coef-
ficients, ¥, and 7,,, become:

> _ _Ea 1 - 2K’ lnx} i/ Eq. (7
ya Z(I—v)zn—K{ Kz-‘l s Psi eg q' ( )
7 - Ea 1 - 20K , i /d Eq.

Y 21 -9) Inx { Kz—l} psides a. (8)

The preceding may be substituted into the generally accepted theory
of failure for ductile materials under the action of hydrostatic loads, viz.,
that of shear-distortion which is written:

2

(o ~ Ul)z +(oy ~ Or)z + (”2 - C’r)z = 20tolal Eq‘ (9)

Now, consider a thermal balance which must satisfy the identity:

ha 7d, AB(T; ~ Ta) = ';; mdm VAT, = Ty) = hy 7d, \B(Tw ~ Tp) Eq. (10)

Variables, which may be put in equation form for use in the above,

are:
Te = Ts + ri(To = Tsg) . Eq. (11)
K = some linear function o temperature Eq. (12)
L 0.023 cps k% | ¢ (The Colhurn Eq. (13)
w N 0.14 1/1; Do.z equatlon, Ref. 2)
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Finally, for calculation of pressure requirements, the Bernoulli
equation reduces to:

v.2_ v]z |
Apuﬂ:ul = { l?.g }P + \pfriction Eq (14)
where
2
pfriction = chg% EQ- (15)
and
0.125
f = 0.00140 + Ra0*32 (Ref. 2) Eq. (16)

4.2 OPTIMUM WALL THICKNESS AT THE THROAT

Because of the small contribution of radial to the total combined
stress, the system may be considered biaxial. Dropping op, then, from
the theory of failure equation and noting that the material is used most
efficiently when the total combined stress on an inside element is equal
in magnitude to one on the outside, and with appropriate subscripts:

2 2
{azp + OtT}r=rl —[{Otp + OtT} {GIL + GZT}J"='1 + {OlL + 02T}r=rl
2 2
= {Ulp + UtT} et - [{Utp + OtT} {U‘ZL + OlT}Jr = + {UZL + OgT} =1,

Expanding and observing that tangential and longitudinal thermal
components are identical in magnitude at a given element and that the
axial-load stress is the same for all elements within the wall:

Eq. (17)

2 2 2 Fl
| = [eg + O + g [eg - g + 0
L r=r; and r, { tp T 'p IT} r=r, { p 't

Ty O‘T},zrl < {UtT - mP}r:r, _{a‘T _ atp},:h Eq. (18)

Thus, when the resultant axial load from air and water pressure produces
the above value of longitudinal stress, the working stress, cw*, becomes
a minimum. For given geometry and tunnel stagnation pressure, this
may be accomplished by the judicious choice of cooling water pressure
and liner flange diameter.

TWorking stress, as used throughout this report, is taken to be the
combination, by means of the shear-distortion theory of failure, of all
resultant tangential and longitudinal stresses.
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Now consider the portion of the thermal balance identity:

hamd, AE(Tr = Ta) = & ndnA\L(Ta ~ Tw) Eq. (19)
Or, rewriting:
To = Tw _ hady (T, = Ta)
e Eq. (20)

When evaluated, this equation yields the approximate temperature
drop per inch of wall thickness which will satisfy a thermal balance; for
any particular thickness, then, a discrete temperature drop is implicit
and subsequently enters into the calculation of thermal stress. Upon
substitution of various values of wall thickness and performing the
calculations in Eqgs. (1) -(18), a plot of working stress versus thickness
may be constructed. As demonstrated later, an optimum is evident.

4.3 SELECTION OF THE COOLING REQUIREMENTS

General considerations governing the selection of the cooling require-
ments are:

(a) The selected water flow rate and cooling passage geometry
must be such that the air-side-wall temperature and the
thermal gradient through the wall remain compatible with
the elevated temperature properties of the liner material.

(b) The water supply system must be capable of supplying the
required flow rate through the selected cooling passage.

Now, if it is assumed that the conditions of (a) have been fulfilled, the
required wall-to-water heat transfer coefficient may be determined. Many
combinations of cooling passage geometry and flow rate will result in the
required coefficient, and, although no optimum combination is apparent,
analysis indicates that the smaller the water annulus, the lesser total
head to produce the required flow. However, it must be realized that a
lower limit exists because of the practical aspects of fabrication and
assembly; also, a smaller passage implies a system more sensitive to
the minor variations encountered in machining or in the flow control de-
vices. Therefore, an area that is commensurate with the capabilities of
the pumping system on hand (or under consideration) should be used.
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4.4 HEAT TRANSFER

Calculation of the air-to~cooled-wall heat transfer coefficient at the
throat and downstream may be accomplished by means of the relation-
ship (Ref. 3):

ha

ft

St g cp Vs Eq. (21)
Where
St

(Cg/2) Pr % Eq. (22)

The skin friction coefficient, Cf, may be derived by the method of
Sivells and Payne (Ref. 4), viz.:

Ts 10.088) Ulog,, Re — 2.3686)

= g Re = 1500007 Eq. (23)

In the above, primed values refer to conditions at Eckert's refer-

ence temperature, T = Ta\;l’ + 0.03941 M* T, ; this means, then, that

the heat transfer coefficient and air-side-wall temperatures are inter-
dependent, and the correct value for either results only from an itera-
tive process. Though this may appear laborious, in actuality it is not
because a specific air-side-wall temperature, selected as the maximum
desirable for the material under consideration, must be met at the

throat. The computation is therefore direct at this point, and if a thermal
balance is calculated at two or three downstream locations, intermediate
points may be readily estimated and checked. Upstream of the throat,

the coefficient is taken to be simply:

A* 0.872>
ha = {—A} x h* Eq. (24)
5.0 SPECIFIC ANALYSIS

From the general method of analysis outlined in sections 4.2, 4. 3,
and 4.4, it is apparent that a near-infinite number of solutions is pos-
sible, each dependent on particular assumptions which must be made at
various stages of the calculation. These assumptions, however, are
arbitrary, provided they fulfill the requirements of practicability in
manufacturing and assembly and are shown to be realized at a subsequent
stop in the analysis. In the following subsections, assumptions are there-
fore made without argument as to any fictitious standard of ''best possible"
value.
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Listed below are the salient design parameters for the Mach 10 and
12 throat sections:

M= 10 M=12

Po. Psia 2000 2400
Ty, °F 1450 1940
Throat radius, r*, in. 0.873 0. 560
Throat station, downstream of

the pressure housing entrance, in. 20.571 18. 704
Radius ratio, R*/r* 30. 000 38.179

Mechanical and physical properties of the liner material, as given
in Ref. 5, are plotted in Fig. 3. It should be noted that all values result
from short-time tests at elevated temperature, and a liberal margin of
safety must therefore be provided. Consequently, a maximum working
stress of 60, 000 psi (i. e., a 33-1/3 percent margin on the proportional
limit) and a limit of 650°F on the air-side wall will be used. As the
material may be age-hardened after machining, and this process will
continue during operation, the mean conductivity may be chosen as con-
servative; versus temperature, the relationship (see Fig. 3) is:

= (484) (T, +Ty) Btu ft ft hr
K = rJ e T w4 134
{ (1000)(2) * Thr f2°F & 12im. . 3600 sec
_ 0.0242 (T, + Tw)+ 134 Btu im.
43,200 " sec in.2 °F
Ta + Uw+ 5535 Btu in. E
= . (25
1,784,000 sec in.? °F q. (25)

Other material properties, again from Ref. 5, are:

E = 17.5 x 10°psi, a = 9.8 x 107° 18— » = 0.3

in. °F

Air and water properties, as given in Refs. 6 and 7, respectively,
are plotted versus temperature in Figs. 4 and 5.

In the following subsections, only the downstream portion of the
liner will be considered; analysis of the less critical upstream part may
be accomplished by the same method but is not included herein.



AEDC-TDR-62-231

5,1 MACH 10

A cursory analysis of Eq. 10 indicates that Ty at the throat may :
sonably be held to 800°F provided hy does not exceed 1.5 Btu/sec ft2°
By the Sibulkin equation (Ref. 8):

+

2

*
0.0027 po v*°° [ T,
ha = -
111+w
2

TO 0.6 (l" R.)o"
Substituting pertinent values and dimensional constants:

- a.2
h. - (0.0027)(2000 x 144)(0.811 x 107° x 18.18) ~ (1612) _ 1 g4 Btu
a - e — .
(1935)%° (.07275% x 30)°" (1336) sec ft? OF

Now consider Eq. (20) which is written:

Ta=Tw _p 4, (Te-Ta)

t X d,
Assume di = dmy and Ty = To; K at 600°F is 163 Btu ft/hr ft2 °F (see
Fig. 3). Using, for conservatism, the larger value of hg and substi-
tuting:

T,~T, (1.5)(1475 ~600)(3600) °oF
t - (163)(12) = 2120 inch of wall

Consider, next, the axial load at the throat produced by the air. 1
a telescoping joint is to be provided where the Mach number is 0. 1, th«
local ordinate becomes:

2 -
(-'—) - 5.8218, .. r = 0,873 V 5.8218 - 2.013 in.

rk

The maximum axial load is:

Lp = 7 (r* - c*)p

7 {3.68)(2000) = 23,300 Ib

It is expedient stresswise to counterbalance a large portion of the abov:
and this may be accomplished by cooling water pressure acting over th«
face of a flange made integral with the liner. A rational combination is
an 8-inch flange and 400-psig water pressure; this produces about

19, 000 1b of opposing load.

"At the time the ensuing calculations were performed, Ty was
considered to be 1475°F. This was later reduced to the previously men
tioned value of 1450°F, thereby reflecting differences between a perfect
and a real gas. A small element of conservatism is thus inherent.

10




q

AEDC-TDR-62-231

The working stress may now be calculated for various wall thick-
nesses by substituting previously mentioned values of E, a, v, r, Pos Pw»
and AT/t into the applicable portion of the Eqs. (1) -(16); see Table 1
and Fig. 6. It should be noted that an optimum exists at a thickness of
0. 057 inch; this, however, is less than the practical machining range,
and, since an increase to 0. 125 inch produces a stress still well below
the selected allowable, the latter value will be used as the nominal throat
wall.

Now, consider the required wall-to-water heat transfer coefficient.
Assume Ty and hy as before and let the bulk temperature of the water
be 60°. Ty, from Eq. (11), = 1612 + 0.89 (1935 - 1612) = 1900°R. Then,
for a 0.125-inch wall, Ty = Ty - AT/t xt = 600 - (2420)(0. 125) = 300°F.
From the portion of the thermal balance identity written:

ha r, (Tr ~ Ta) = hw r; (Tw = Tb)

hw _ h rl(T,-Ta)
) T3 (Tw _Tb)
Substituting:
_ {1.5)(0.873) (1440 —600)(3600) _ Biu
hu = (0.998) (300 —60) = 16,510 hr ft? °F

From Eq. (13):

1,; —,1" 0.8
hooo (0.023) e {k 3} 6" 610

0.4
w

3
Solving:

0.8 -
G - (16,510)(0.886) _ | g17 . 1p°

0

n? {0.023)(0.3500)

Reducing the above by means of the proper conversion units and the
relationship D = 2 (r; -r,):

X" = 390 (r, —r) (g +1,) %", gpm”*

Solution for any particular annulus height yields a discrete flow which
will limit the air-side temperature to 600°. Calculations have been
made for several passages, and the results, including total head re-
quirementsT, are given in Table 2 and plotted in Fig. 7. The latter
also shows the operating characteristics of a high pressure pump on
hand in the von Karman Facility and indicates that, as stated previously,
no optimum combination exists. Flow of 275 gpm through a 0.125-inch
annulus, however, will meet the general requirements outlined in

"Pressure drop for the entire section is estimated at 4 times that
per inch of passage on the throat.

11
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section 4.3 and will have the advantage that, if during operation, temper-
atures rise above those calculated, flow may be considerably increased
without exceeding the pump system capabilities. This, of course, in-
creases the thermal stress which, for radial heat flow in a c¢ylindrical
section, is, roughly:

1 EaAT or (17.5)(10)

op = L AT . = 1 ULS0) o g5 sl
2 (1-v) AT 2 (0.7) oF
Substituting:
oT = (17.5)(9.8)(300) = 37,500 psi

(1.4)

The above will account for approximately two-thirds of the working
stress. Thus for an allowable 60, 000 psi:

AT = 60,000 - (1.33)(37,500) = g0°
(125)

= the approximate allowable increase in thermal gradient.

Before the heat transfer coefficient and thermal balance can be cal-
culated along the length of the liner, the variation in wall thickness
should be stated. This is quite arbitrary provided temperatures may
subsequently be shown to decrease smoothly and continuously each way
from the throat. Assuming, therefore, a constant wall ratio and arrang-
ing the equations of sections 4.1, 4.3, and 4. 4 in computational form,
Tables 3 and 4 may be readily prepared. Constants shown in the column
headings are explained at the start of the appendix. Assumed parameters,
in summary, are:

a) Ta = 600 F

b) X = 275 gpm

¢) (r;—r)* = 0.125in.

d) (ry —r) =0.125 in., constant

e) K = (ry/r)* = 1.1455, constant

f) M and r, = values given by the aerodynamic contour ' and

listed in Column 1 of Tables 3 and 4, respectively.

g) The design parameters as listed in section 5.0,

"For the method used in determining the aerodynamic contour, see
Ref. 0.
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The results are plotted in Fig. 8. Then, following the form of Table 1
but omitting the calculations:

on = +33,600psi at r =r,, ow = -37,300psi at r =,

Because the above stresses do not exceed the selected allowable
value, and the value of T, calculated in the thermal balance does not differ
by more than 3 deg from that used in determining h,, a reasonable and
workable solution has been found.

5.2 MACH 12

Because the method of analysis for Mach 12 is identical to that for
Mach 10, only the final results and significant differences resulting from
the higher stagnation conditions are discussed herein.

The minimum practical value of Ty, from the standpoint of cooling
requirements and resulting thermal gradient, is 650°F. This requires
a flow of 700 gpm and reduction of the throat wall to 0. 100 inch, about
the minimum for practical machining. The annular passage at that loca-
tion is chosen as 0. 130 inch and, to reduce the overall frictional pres-
sure drop, is rapidly increased either way from the throat. The wall
ratio is not kept constant but varies in a manner which will facilitate
interchangeability with the Mach 10 liner in a common pressure housing.
Because of the required high water velocity at the throat (see Col. 55,
Table 8), the cooling water pressure is determined as follows:

From Eq. (14)

Vp
2g

p = + Apg

Substituting

2
(379.2)°(62.4) + 113

_ - 1081 psi
P 2(32.17)(144) 1081 psig

To prevent cavitation, it is necessary to add to the above the vapor pres-
sure of water at the temperature Tw* = 235°F, which is about 8 psig. Also,
some factor, say five, must be introduced on this value as well as an
allowance for inaccuracy of the friction coefficient used in the pressure
drop calculation. The summation is therefore:

Velocity head . . . . . . . . . . . . . 969 psig
Pressure drop, entrance to throat. . . . 113 "
Prevention of cavitation X factor of 5 . . 40 "
25 percent error in pressure drop. . . . 28 "
1150 psig

13
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The above value of pressure should appear at the nozzle section flange,
and the outlet pressure of the pump should be sufficient to cover line

and entrance-to-nozzle section losses, say 1200 psig. The flange which
is used to counterbalance the air pressure load is taken to be 4. 75 inches
in diameter. Substituting pertinent values into the applicable stress
equations:

ow = —-45,800psi at r = r,*, ow = 56,000 psi at r = r,*

The liner must also operate for the tunnel-air-off, cooling-water-
pressure-on case; in this event, the stress is simply tension in amount:

_ 1150 (2,375 ~0.66°) _ _
ow = “(1.22)(6.1) ~ 49,100 psi

6.0 CONCLUDING REMARKS

The preceding pages adequately demonstrated the technical feasi-
bility of the throat section designs shown in Figs. 1 and 2, and it
remains, therefore, only to investigate the effect of deviation from the
selected geometric and operational quantities. This will be of greatest
consequence in the Mach 12 configuration to which the following remarks,
except where noted, are accordingly confined.

A decrease in p, or Tg poses no problem, and by inspection, a
reasonable, say +0. 002-inch, machining tolerance on the liner ordinates
will be of little structural consequence. The results of variations in the
cooling flow rate or the annular passage size, however, are somewhat
obscure. Consider, therefore, a +10% change in the fundamental vari-
able, hy, which, if substituted into the heat transfer and thermal balance
tabulations, yields the following values.

No change (Ref.) 10% increase in hy 10% decrease in hy

ha ——Bifﬁ 1.901 1.912 1.895
Ta, °F 654 644 664
Tw, °F 235 222 252
Ta - Tw, ©F 419 422 412

Now, hy = G*/D°®!, G ~ 700 gpm and Dpominal = —2((1)—:,213)-, or 0.02167 feet.
If hy is to increase 10 percent:

a) G < (700)(1.1)"** 788 gpm = 88 gpm increase, or,

b) D = (11—1) (0.02167) - 0.0128 ft ~ 0.1545 in.

14
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Therefore, r3 - rg = 0.077 inch, a decrease of 0.067 inch. Simi-
larly, if hy is to decrease 10 percent:

a) G = (700) (0.9)""*° 614 m = 86 m decrease, or,
gp gp

s
(ﬁ (0.02167) = 0.0367 ft = 0.4406 in.

b) D

Therefore, r3 - rg = 0.2203 inch, an increase of 0.090 inch. Con-
siderably less variation in annulus height than the above may be expected
from careful machining and assembly techniques. It is, in fact, quite
reasonable to stipulate a passage of 0. 130 inch minimum, plus a toler-
ance, say 10 percent, which is 0.013 inch. Also, because pressure
requirements go up as the square of an increase in flow, it is more
probable that such deviation will tend toward a drop from the nominal.
Then, if hy is to decrease 10 percent:

0.8

0.9 = —C , .. G = (700) {(0.9)(1.1)“"}"zs = 628 gpm

1.1 0.2

It is felt that the above is within practical flow control limits, and the
accompanying rise to 664°F of the air-side wall is not serious, primarily
because of the conservatism exercised in choosing the metal conductivity.
One final variable, the bulk temperature of the cooling water, remains to
be considered. Briefly, for an increase from 60 to 80°F, recomputation
of the throat conditions indicates no significant change in hy or T4 and
only a 3-degree rise in Ty.

Finally, consider the liner flange which, for the Mach 10 configura-
tion in particular, encompasses a heated area somewhat removed from
the cooling water. By means of a thermal balance, the temperature of a
thermocouple located within the flange (Fig. 1) may be conservatively
approximated as 800°F. This, of course, exceeds the selected allowable
value, but it should be noted that pressure stresses are essentially
absent, and no account has been taken of the low temperature air which
spills past the heated surface. Accordingly, the calculated temperature
is acceptable.

Two comments may now be offered in partial support of the adequacy
of the design analysis as discussed herein. First, as was mentioned
previously, the Mach 10 version is currently in operation and has suc-
cessfully accumulated a total air-on time in excess of 1050 hours.
Secondly, the thermocouple discussed above indicated an initial tem-
perature of 625°F during operation at near-maximum stagnation condi-
tions; subsequently, upon build-up of a so-far-harmless scale deposit,
it decreased, stabilizing at about 525°F.

15
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In conclusion, the Mach 12 liner design is specifically proportioned
to effect a lowering of the above-mentioned temperature to a calculated
500°F; in addition, a test program is currently underway to select a
serviceable plating material which will inhibit the formation of scale.
The test method and results to date are given in Ref. 1.
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APPENDIX |

DERIVATION OF CONSTANTS FOR THE HEAT TRANSFER COEFFICIENT
AND THERMAL BALANCE CALCULATIONS

0.03491 in Col. 8, Tables 3 and 7 - constant in Eckert's
reference temperature, see Eq. (31) Ref. 4.

53.3 in Col. 10, Tables 3 and 7 - the gas constant for air
in ft/°R.

4.476 in Col. 11, Tables 3 and 7 - conversion from
1b/in. 2 ft to slugs/ft3.

49.1 in Col. 13, Tables 3 and 7 - from the basic aero-
dynamic relationship, v = 49.1 M\ T.

15.3627 in Col. 15, Table 3 - the throat abscissa minus a

reference distance, xX* = \M ('y+1)/2] r*R*, (Ref. 4) in which
y = 1.373 (Ref. 5), and R*/r* = 30. 000.

14. 9522 in Col. 15, Table 7 - the throat abscissa minus a

Lo e Tiroat @
reference distance, X* =4/ [(‘Y+1)/2} r*R*, (Ref. 4) in which
Yy =1.352 (Ref. 5), and R*/r* = 38. 1786.

144 in Col. 19, Tables 4 and 8 - conversion from ft2 to in. 2

1,784,000 in Cols. 22 and 23 and 5535 in Cols. 24 and 40,
Tables 4 and 8 - from Eq. (25) for average conductivity at
the average of the air-and-water-side-wall temperatures.

393, 525 in Col. 25, Table 4 - from the portion of the Colburn
relation which is written GO.8/D0. 2. If the flow is 275 gpm:

| i fr” 1b 144 in.}
G =275 B2 60 ™0, ' 624 ) «x T
min hr 7.48 gal ft iy — e Vin 1t
6,310,000 Ib
T (ry + ) (ry—r,) " hrft
. ft
D = 2(r, - r,) in. x 17 10
c** _ 6,310,000 x 6° 393,525

p°* (g + 1,0 (e = ;) - (rg +1,0°°% (1, = 1,)

17
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) 833,000 in Col. 25, Table 8 - from the portion of the Colburn
relation which is written G0-8/D0. 2. If the flow is 700 gpm:

. 3 .2
G =700 B2y g0 min, M, 6o tb ,  l44in.
min hr 7.48 gal ft 7 ry —r, ) in £
_ _ 16,060,000 b
(ry + 1) (r3~r,) hr ft
D =2(r -r,)in. x —ft
(r, r,) in. x TRT
c"'z‘ _ 16,060,000° x 6" _ 833,000
n* (r,+r2)0'n (ry ~15) (r,+r2)°'T(r!—rz)

k) 0.023 in Col. 23, Tables 4 and 8 - a constant in the Colburn
equation.

1) 518,400 in Col. 30, Tables 4 and 8 - conversion from ft2 hr
to in. 2 sec.

m) 38.23 in Col. 53, Table 4 - from the relationship q = Wep AT
if the flow rate is 275 gpm.

. 3
AT = gq B, _min x 60 —5%C x 7.48 ga,l] x =1t X 1b °F
sec 275 gal min ft 62.4 1b 1 Btu
_ 9.,°F
38.23

n) 97.35 in Col. 53, Table 8 - from the relationship g = Wcp AT.
If the flow rate is 700 gpm:

AT =q Bro min x 60 =2=° 7.48 gal X i x p°F 1, °F
) sec 700 gal min i 62.4 1b 1 Btu 97.35

o) 88.22 in Col. 55, Table 4 - from the relationship, Q = AV.
For 275 gpm flow:

. ) .2
V < 275 gal X min X ft X 1 __ x 14421n.
min 60 sec 7.48 gal Area, in. 1
88.22 ft
Area, in.? 7 sec

p) 224,56 in Col. 55, Table 8 - from the relationship, Q = AV.
For 700 gpm flow:

. 3 . 2
V = 700 gal X min X ft X 1 X ]44210
min 60 sec 7.48 gal Area, in. ft
224.56 ft
Area, in.2 sec

18




AEDC.-TDR-62-231

q) 15,000 in Col. 57, Tables 4 and 8 - portion of Re for water
at an average temperature of, say 65°F:

PY 624 Py 9 (e, —r,) ine x b x Brft_ 3600 Sec
v £} 12 in. 2.50 1b hr

secC

= 15,000 (r; = ry), 2%

r) 0.01371 in Col. 60, Tables 4 and 8 - from the portion of the
friction coefficient equation 0.125/Re0-32  This may be
written as

0.125 . 1 _ 0.125 1 _ _0.01371

= X
32 32 o3
e |° 1000°"" Re |° 9.1 Re |°*
1000 1000 1000

s) 0.01346 in Col. 62, Tables 4 and 8 - portion of the frictional
drop equation, p/g, viz.:

2 2 2
L= 624 by _sec x Y - 0.01316, thsec
8 fr’ 32.17 fr 144 in. fi in.

APPENDIX 1

DERIVATION OF CONSTANTS FOR THE OPTIMUM THROAT-THICKNESS CALCULATION

a) 122.5 in Cols. 10 and 13, Tables 1 and 5 - from the portion
of the thermal stress equation, Ea/(1 - V), psi/deg.

b) 2115, 400, 1057, and 800, Cols. 15, 16, 18, and 19, respec-
tively, Table 1, 2000 psi air pressure or 400 psi water pres-
sure times a constant in the applicable stress equation.

c) 2537, 500, 1268, and 1000, Cols. 15, 16, 18, and 19, respec-
tively, Table 5 - as above, but for 2400 psi air pressure,
500 psi water pressure.
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APPENDIX I

DERIVATION OF CONSTANTS FOR FLOW AND PRESSURE REQUIREMENT CALCULATIONS

a) 0.1021 in Col. 9, Tables 2 and 6 -

gal min i’ 1 144 in.’
V =X — x x X 3 2 7— X ,m'
min 60 sec 7.48 gal 7 (ry ~ r,)in. ft
n.1021 X ft

1 7, !
(ry = 1,) sec

b) 0.433 in Col. 13, Tables 2 and 6 - Conversion of feet of
water head to 1b/in. 2 pressure.

¢) 4 in Col. 20, Table 2 - estimated total pressure drop
per inch of throat drop.

d) 2.5 in Col. 20, Table 6 - Estimated total pressure drop
per inch of throat drop.
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%07 ‘x/o" @‘@ @-\’ @ “x /0_’"@1/0'(’ ) * 2, —@ @-F Z@”’Zf’ @*@ *@ @zuo‘(ﬂ 32 "uo"’x@ 33) + 3¢, Zj"z
x /07 x/0™¢ x10™® x10™ '@ 107
boz| 3725 | 33./8,79.7 | 1643 | 867 | 7840 | 1/, 800 | 1440 |.01330 |-,9,/20|33700 |~13300 | 140 | 178.57 | -4s5).0| /770 |42, /00
on 7947 | 7850 170.8 | /2.8 | 353.2| 537.8 |,72780 | 150 |.o0r923 |-14,730 |27,240 |-5870 | 742.0| F/4C|-159.9 | 36|30 oo
boit|/vds [ 156.9 | 1573 | 1595 | pevd| 1858 23720 | 1450 |.02517 |-1/,5%0 | 25330 |+ 110 | o6 | .ov2/ s 2.986| 4358 | 25270
os5\22¢.5 |zrz.c |\ /830 | /5. 7| /5.8 | /5o |29 030 | /450 |.03/08 |-9 430 (25330 | 5/50 | &1 | 2¢.52) /30,4 | $37.7 | 23 /6o
0e|332.7 | 3010 | /579 | /535 | t02./ | 7832135390 | (o |.03709 |- Tew |2ezo0| 9740 | ofe.d | §4.57 | 2552 | S2e 22,930
oplaoaTd | 5255 | 193.7 | 1487 | ¢o57| 4. 73| 47430 | /450 |.c4298 |-5,220 | 26480 (17500 | §45./ |316. & | 247 | tor.2 |25, 770
10| 545. 1 | 1.8 | 199.3 | 1440 | 4212 | 254059250 | 50 | ceo7s |-3,3200 |33¢20 (252801130 | 629.] | §49.9 | 9/9.2 | 30,320
EIZ ,377 | wsS zos.2| 1388 | Bos58| 16.65| 7140 | 1450 |.0725F -1 53 (38110 (22500 | y452 1056 (1235 [ 1269 3530
4| /558 55¢ | 211.3)| 133.7| 23.52| 1149 53,000 | 460 |.of447 |+ 107 42830 |39550 | 71834 |75 110694 1704 |4/ 250
Nore : \Ware &, YRessods Aey Woaky CoMspERABLY WITHOOT JUASTANYALLY |AFFAEC IS THE] rs.
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TABLE 2

FLOW AND PRESSURE REQUIREMENTS FOR VARIOUS ANNULUS HEIGHTS OF THE MACH 10 THROAT SECTION

|- T —
Annulus .
Height ry - ra, in. B 7*_37080 0.090 0.100 0.110 0.120 0.130
r3 @ +1, in. 1.080 1.090 1.100 1.110 1.120 1.130
ry+ ro @ + 1, in. 2. 080 2.090 2.100 2.110 2.120 2.130
(rz+r2)%8 | ®°8, i 08 1. 7965 1.8035 1.8110 1.8175 1. 8240 1.8315
O x @ . inl8 0. 1437 0.1623 0.1811 0. 1999 0.2189 0.2381
x0-8 390 x (&), gpm®-8 56. 07 63. 30 70. 62 77.98 85. 40 92. 86
7H20 Flow 1.25 )
Required ® , gpm 153.6 178.5 204.0 231.5 259.5 288.5
r32 - ry2 @2 -1, in.2 0. 1664 0.1881 0.2100 0.2321 0.2544 0. 2769
0.1021/(®) 0.6136 0.5428 0.4862 0. 4399 0.4013 0. 3687
v @ x @, fps 94. 20 96. 90 99. 18 101. 85 104.15 106. 37
— R
V2 2, (fps)? 8875 9390 9836 10380 10840 11320
v2/2g @) /64.34, ft 137.9 146. 0 152.9 161. 4 168.6 176.0
Velocity . . -
Head 0.433x @, psi 59. 75 63.22 66.23 69.90 72.98 76. 20
@ «x 7.535 8.718 9.918 11.21 12.49 13.83
Re x 1073 15 x 113.1 130.8 148.8 h 168. 1 187.4 207. 4
_ 1. .
®°-32 4.540 4.757 4.957 5.160 5. 336 5.512
f 0.0014 + 0.01371/@®) 0.00442 | 0.00428 0.00416 0. 00406 0.00397 0. 00389
] . o
0.01346 x (@ x 104 0.5949 0.5760 0.5598 0.5465 0.5344 0.5235
@ x @ /@ 6.600 6.010 5.507 5.062 4.637 4.283
| Total Head o~ S
| Required 4x @©® + @ , psi 86. 15 87.26 88. 26 90. 15 91.53 93.33
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TABLE 3

CALCULATION OF HEAT TRANSFER COEFFICIENTS FOR THE MACH 10 THROAT SECTION
(Ref: Eqs. (21) - (14))

AEDC-TDR-62-231

1 2 3 4 5 6 7 8 ) 0 1 12 3 14 15 16 17 18 19 20
@ | w || # o€ 7 e | B
7R M 73 7= P M2 | #2T5 7’ L7 e V7z |50 v X |’ a0l PV PYx | x|y ot
@;@ D* (@ x @) orenZ)@)+@) 53.3x @lé 121 x()R)x (3) e @@ (@)= %

%25| 0.325 | /995
t7 | o.400 | /875

18| 0.526 | 1574

/21 0.672 | 770

20| g. 876 1677 :

eosn s o000 | j6/2 | ro6o | rOo57 | /1336 | JooO | 1412 | 56.27| 1392 | 74190 hoo377 | HOo45| 49.10 | 197/ Y. dIHOW, 1416 | 200,88 | ST03 | 74. 26 |7 §708
21| ,s7 1832 | o9/ 4252 296 | 1252 | /972 | 66.75 | r363 72&5%3’700 3G.40 | 59.50 | 2147 Y. 4255 .73 /22. 4 a’?- 50 | 7866 |7 8’73'8
22| 137 /407 G900 | &554) 1198 | LF77 | 2od) | 92.20 | 290 | 68760 ) pgzée| 3757 | 727 | 2523 P, 553/ |y, 700 | /076 | 5757 | §4.29 | 7,925
23| /o3 /264 938 | 450.0 | 1100 |Z.657 | 3358 | /17 2 /217 | 870 hosios | 355G | fo.03| 2546 Y. o364 ||. o50 58387 | s0.24 | §2.70 | 79175
2| 187 1’35 575 | S12. 6| 1007 3497 | 3783 | 139.0 | 1196 | 41080 . oz2z9/ | 33.75 | 9/.822 | 3099 |0 7/98 {p. 055 7100\ 8110 | 7802 |7 5922
z| 2.7/ 1024 J27 | 2/54 | 726 44952 | 4559 | /552 | 1083 | 57830 po/667 | F2.00 | /03.¢ | 33/5 |) Fo3/ P.e32 35,26\ 44.38 | 70.22 |7 f40s
26| 732 7z 752 /350 | F57 |5.352 | s0/6 | 175/ | 1032 | Ss5000 p.orzel | 30.53 | /3.9 | 3477 Y. 5% |).o0/ 43.54 |35 §6 | 3. 00|7 J035
z7| 2.549 45 794 | /100 795 |o.9452 | 5452 | /903 955 | 52500 f 005378 | 29.07 | 124.7 | 3625 Y. 9698 |0.592 | s34 00 | 32.97 | 5505 |7.745%
28| 2.74 774 7/3 X078 | 7449 |7508 £/ zo02.9 947 | so0d450 d.oo7/63 | 27.52 | /345 | 3742 | 10537 |).577 Z2e.Fo\z8 22 | 459 |7.6894
29| =293 712 &9/ 0030\ 702 |83y | /72 | 2734 G185 | 45770 foosssz | z2e. o8 | /439 | 353F |1.13¢64|).s6d | 2132 | 24 23| 42.94 | 7.633/
20473 1/ Xy 70 | 46.20| o4 |9.é72 | 6374 | 222.5| 587 47&0%4374 2507 | /1327 | 3920 | 1.220 |).350 1715 | 2o.92 | 38.04 | 7.5502
32| 343 S77 649 | 2898 | ©13 11765 | 6785 | 237.0 | P50 | 45300 poozs| z24.02 | 1684 | Jods | 1.38¢ ).853¢ | 1143 | 1554 | 29.55 |7.470¢
54| 3.72 574 &32 1927 | 573 |;3.838 | 7113 | 248.3 | 2/ | 45760 pooi57/ | 22.67 | 1F2.&| 4140 | 1553 0.523 | F/00| /2.7 | 24,23 | 7.3844
36| 400 | 46/ 6/8 13.77 | 40 |s6.000| 7376 | 257.5 | 798 | 42530 9001356\ 21.97 | 196.9 | 4217 | 1720 |).5/5 S 845 | 10057 19.59 | 7.R920
'31 4.23 | 423 G607 9,738 | 515 | /72893 | 7507 | 2642 779 | 41520 povroso| 2097 | 2077 | 4272 | /.58 |).d0s" | 495 | £460| 1. 75 | 7. 2240
40| 442 | 394 398 | 7.o¥e| 495 (19536 | 7697 | 2647 | Ted | 40720 foposto| 19.85 | Z17.0 | 4307 | 2.033 (). 498 | S.@/F | 7928\ 14.92 |7.1738
44| 4.85 | 839 77 4.570| 458 |=25522| 7974 | 2784 | 786 | 39730 baoaa’/; P91 | 238/ | 43P3 | 2880 |. 495 | 2.257 | 5385 1/ 10.|7. 0453
48| 5.23 | 299 seo | 290z | 430 |z27.353| @177 | 285.5| 76 | 38100 poovosdo) 17.29 | 256.8 | 4440 | 2.720|) .44 | 1570 | 4yo7| £ | 6. 9470
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TABLE 3 (Concluded)

AEDC-TDR-62-231

2 22 23 24 25 26 27 _28 29 30 2\ 32 33 34 35 26 37 8 9
&rJ 87y
L8 %€ S /77 R
I74. 737" Celz | Co” 2 se*s Ya rilr | A*/4 | 4/ 4*
-2 569644 04X 20)-/.5a20 3 x©0’ x x % | 22./7 |(30)x 2 ;75
Deme O & |G B 0:8] 09199 =06 | o|a
%25 356 W.7263 ). 52757\ 5714
7 0.9985 0.7929 ). 0257 |0. v0c2
/& L1950 P, 5792 |).7730 |p. 7983
/7 1. 365 0. 9499 |). 5023 |).9140
29 1. 450 1).9532 ).5%4 . 769/
20.5%| 55022 24210 | 5.3708 |255.57 0. 9563 | 1./550 | /0542 Y. 2635 \.28¢/ | 3062.8 0. 658 |0). 775 | 4/.30 | 1498 | 1.000 | s 000 | [ 000
2] | 55272 P\ 24320 | 4.355F | 201.63 |0.929¢ | 1./357 | 10588 V. 2627 W.278/ | 340.4 |p. 87 |0.778 41.357 | L4408
22 | 55572 W z4452 |6.425F | 26533 |0.92/6 | 10907 | foos2 0.2559 W.2¢/3 | 2812 |0.o86 |0.778 | 4135 | 7.7&3
23 | 55489 Wovw)s | g.o)75 | 2o 30 0. 9235 | /0386 |). 9555 ). 2568 Y24t | 217.5 (D). 663 (0.776 | <140 |p. 5008
24 \5:.523¢ b.24304 | 6.3922 | 2¢1. 19 0. $305 ). 9939 ). 9248 ). 2540 Y).2355 | re7.2 |).o&/ 774 | 41.5¢ |p. ¢5/F
25 | 54779 B24/03 | . 34057 255 62 (0. 7427 |p. G438 |). 897 ). z523 |).2245 | 124,/ ). o850 |0.773 | 4/.62 (.75
26 | 54349 ZW235/2 |C.3035 | 25046 |0.9548 ). 903/ |§. 023 W 2s5/0 Y.z21c4 | 5457 |).c50 |0.773 | 41.62 |p. 3945
27 | 53772 Weieeo | 62457 | 243. 05 |0.9777 ). 5575 |(. 8337 |).24 59 |).z074 70.52 0, o &0 773 41.62 |p, 2735
28 | 53208 P23a/z |c./854 | 2371/ |0. 9674 0. 173 (0. For0 ). 2478 Y. 2000 | s5300|0.080 |0.773 |41.02 |).223/
29 | 526045 B23red |6.1337 | 230 70 | Looss ). 7757 |p.758/13 (0.24658 Y./928 | 4110 |0.c80 |0.773 | 41.62 |p. 1710
30 | 5.2//6 2293/ |C.O502 | 224.7& Lozoz L7430 ). 75F0 ). 2464 0. 868 sz.04 \). p- 50 .773 41.62 |p. 1334
32 | 551020 Wor445 | 59706 | 212. 54 | o597 |). 758 0. 7/5F |).zv/50 01754 | zoos |). o8/ 10.774 | 41.56 |p. 833
84 | 5.0/5% Wezoro | 578844 | 203.757| 1.0F32 (). 026G/ (). 752 0. 2442 W.se3C | ,3.57 |b. 682 (0.775 | 41.57 0. 03¢/
30 | 49239 Wz1oe3 57920 | 1943/ V1. 1145 0. 5777 ). ot |0.2437 )./570 7177 |0. .83 |0.77¢ | 41.46 |p.0330
39 |4 5554 Pzr3ed |5 7240 | 1§7.54 | 11392 |). 5930 ). ¢r5¢ . 2433 |).1305" | 675/ |(.e85 |0.777 | 41.40 |p.0Z8e
40 |4 5052 0.2/193 | 56738 | s§2.65\ 1. 157w \). 5757 0. 5970 ). 2430 ) +4/57/ szso ). o5 |-778 | 4135 |0.02/7
44 | 46767 |pzos577 | 55453 | 17052 1. 2067|0.d60c ||. 5557 |).2424 ). 1397 | Zo40 0. 85 W?? 41.30 |b.012&
48 | 4. 5784 Wooias |s4470 | 161,000 | 1. 2468\). /76 | 5205 (0.2420 |). 1260 | 1.903 |0. 065 |0.7280 | 1.24 [0.oo785
34
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TABLE 4

SOLUTION OF HEAT BALANCE AND PRESSURE DROP EQUATIONS FOR THE MACH 10 THROAT SECTION
(Ref: Eqs. (10) - (16))

AEDC-TDR-62-231

I 2 3 4 5 6 7 8 9 10 " 12 13 14 15 16 4 18 19 20
X ] Brv 8rv
A /A I e w® WA, ", N, oA A w? w*r v i A wr | m ;%T'_F °F | Gec °F | “szc
A 7 I /5 Vi GZ ez |a-7 |Vaerz |l -7z |G%6" | 4 Am As A Ba | 77 |£e A 4.7
/
@ | @ |0RE0Ee @O -®Q| ™o @ Q@@ | @@
%.25| 42020 | /.3760 |/.30/0 |/ £934 | L2530 |2.5780 (. 1740 | 2. §770| 2.3722 p./250 W 359 | 7.5524| 9. 0990 | 8.6950 | 1.1297 b 2965 | ). 35 | 147/ 4487 | 66.03
17 | 1010 | 2610 | /3860 | 1.5F01 | 15240 | 2.3629 ). /000 | Z2.&470| 2.1787 |).1250 ). 330F | 6.9178 | 74204 |7.5231 | 7.039¢ |). 2723 ). 995 | 146¥ 4794 | 70.58
/8 (9. 5930 | 11370 | 12020 | 12528 | 13926 | 2./300 |p. 1440 | Z2.3950| 2. 0147 |p. 1250 l0.2998 | 6.2592 | 6.6910 | 7./440 |p. 918 |p. 2578 | 1. 162 | 104/ J182 | 75 8¢
17 10. 9170 | 10522 | /.1770 | 1./067 | /3853 |/ 5770 |p./330 \z.2290|7-§958 ). 1250 |p. 275 | s5.7742 | 6. 1581 | 6.0055 |p. 5752 |). 2324 | 1. 8¢9 | 19457 WNo395% | 79.97
20 0. 5790 | 10070 | /./320 | fo/40 | 12814 | 1.5760 |p./280 |2.,/390| /8372 |)./1z50 2674 | 55229 | 59250 | 6.3272 |P. §40/ |). 22960 | 1450 | 1447 WNose7e | §2./3
w5 Y, 730 ). 9970 | 1./250 |). 5980 | 12680 | /-5720 |§./860 |Z./1Z240 | /. 5369 %MZ&O 2676 | 554/952| 5.£810 | ¢.2769 |p. §407 [0- 2314 | 1,495 | 1439 WosS7oe| §2.1/
2! |p. 8760 | )oodo| 1.0250 | 1.0050 | 1.274C | /. $800 |p,1250 |2./330|1.8431 |D.1250 g 2ece | 5i5041| S5 5002 | 6. %053 (). 5375 (0. 2204 | 1.4085 | 1433 Wos3582| 77./2
22 |9,9110 | 1.0¥30 | L1680 | 1.0578 | 1. 2wE | /9540 Ig 1320 | 2.2//0 | 1.§866 P.1250 \h 2764 | 5.7240 | 6./387 | . 5534, §¢ 83 |).2358 | 7. /63| 14/7 fMtﬁZi’ 63.5/
Z3 19, 5780 | /1200 | 12450 | p 254 | 15500 | 20580 |} 1420 |Z. 3650| /. 97/ |p./250 |). 2550 | ¢./¥450 | &6.89/2 | 7.0372 |).928¢ ). 248F | 0.92/8 | 140/ 03845 | 53.9/
24| ,07/0 | 12260 | 1.3570 | 1.803/ | 1.§252 | 22570 |). /850 |2.5770| 2./325\0. /250 |p. 322/ | 6.7253| 72162 | 7.7032 | 1.0119 (0. 2066 | 0.694/9| /387 Bo3247 | 45.04
25| 1./840 | 1. 3550 | /. Sboo | 15260 | 2.1904 \#.5350 |b.r7/0 | 2.8350| 2.3017 |p. 1250 | 3544/ | 7.4353 | 7.975| £.5137 | 1.1/34-|) 2877 1375 ‘
26 | 1.3/00 | 15000 | 162cO| 2.2500|2,043F | 2.5100 Y. 1500 |3 1200\ 2. 4588 ).1200 9.3535 | g2si1o| § 9278 | 7.4/248 | 1.257571). 5136 1365
27 | L& 70 | 10570 | 1. 7580 | 2. 7450 ;3.)79';’ 3./040 |p. 2100 |8.4392 | 2.6862|0.1250 |g. 4299 | 6.09/8 | 7. 75757 | 10. /112 | 1. 3506 |). 335§ /355
28 | 1. 5F/0 | 1.5220 | 1.9¥70 | Z3/197 | 87908 |3.4/30 |). 2310 |B.7690|2.8905\0.1250 |p, 4711 | 7.9505110. 7222 14 4450 | 1.4%00 ). 36/8 /547
27 | 17400 | 1.9520 | 2./1/80 | 3.9681 |4 4857 |3.73z0 |b. 2520 | 4.1100 | 8.0980 |)). 1260 5178 10.9327|71. 7244 [ 12.5141 | /. 6267 |). 39503 1340
30 | 1.8930 | 2./670 | 22920\ 40955 | 5.2533|4.0000 |). 2740 | 44550 | 3.3067 ). 1250 |0.5574 | 11. $94p| 12. 7:/5€ | 13, G150 1.7517 |p. 4133 |6./834 | /335 /02 | 147/
32 |2.2080 | 2.5250 | 2.6500 | 6. 8750 | 7.0225 | 4. 7300 |). 3200 |5 /750 | 3.7252 ). /250 ﬁa‘/o? /3. 8544 | 4 5597\ /5. 5050 | 2. 0323 |- Y50 /3z&
4 | 25220 | 2.5880 |B8.0130 | 53405 | §.0782|85.4100 |). 3600 | 5. 7010 | 4./375 |0./250 |0, 7377 |15 5/te2)| /6. 956018 1/58 | 2.8176 0. 5772 /3/9
S0 | 25408 | 3.2525 | 8.3775 | /0.5758 | 1) 40751 6.0933 (). 4117 | G.6300| 4.3519 |p. /250 0. F257 |17, 8492 | 19,4426 20. $300| 2. 0034|0. 5677 13/3
35 |3/599 | 8.6179 | 3.7430 | 12 0892| 140100\ 6. 7778 |), 4550 | 73609 | 4.937F |).1257 |0.9208 |/9. 5542\ 21. 293/ |22.7319 2. 9528 (). /77 /309
SO\ S 4791 |3.9552 | 410854 | /576659 16.5790\7. 4223 (). SO/ | 82916 | 5.326F|0). /1252 | 1.0/3/ | 2/, §598|234435125,0272| 3, 1527 _|l). ltrtcY /305
44141174 (47140 | 4.8393|22,.22:8|23.4188| £ F3/4 ). 50 | 9.5533| 6.0831 |0. /7253 | 1.1570 | 25,5704 27, 7444 29. /85| 8. 7605 |). 7622 /259
47 | 47550 | 54447 | 5.5702| 29,6449\ 31,027/ | 10. 20030 o £51 | 11.0149| G. 8167 |p. 12575 | 1. 252329, 5503| 32.0452| 34 2100 | 4 3420 0. F555 Y0078 1295 bo0/063 | 2,109
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TABLE 4 (Continved)

AEDC-TDR-62-231

21 z2 23 24 25 26 27 28 29 30 31 - 33 84 35 36 _3r 38 39 40
2 Brd Bru Brd o z 2
/A, F i °F He /7 oF | sec. °F S&c F °F °F °F °F i °F
AW Y2, GCYp* | k] B Fw B e G A 76
20 93 525 * + {31 z O

oM o o sk o 5w @O 200M% e G | @ |©6@8ee[TTp.m
.25\ 4/.33| 2542 | 1728 | 7263 | 1327 V.3494 W. 5062 | £. 568 | 17770\0. /963 | 11.7Z | 1732 | 3000 | 4.373 | 19./2 | 7574 |/25F0 | 31760 | 46510 | 52440
/7 2710 | 154 | 7381 | 1445 0.3517 B.F023 | 5950 | 1298041570 | 11.97 | 1718 | 2957 | 4.122 | 16.99 | 7082 | ;2480 | Bo4dzo | 455%0 | s0/20
18 262/ 1995 | 7330 | 1363 B.3534 V. ST | G062 | 1410 |). 1952 | 12.06 | 1697 2877 | 8. 77 | 14.19 | ¢393 | )z2750 | 258370 | 4/lbe | dooFo
19 3079 | 2nd | 7¢49 | /o5F BW355C b s7¥ | 9175 | )52/0 |p. 1939 12.22 | 100 2521 | 3.532 | 1Z2./8| 5934 | 12550 | 27020 | 358 &0 | 44420
2o 3102 | 2186 | 7721 | s 7Y W358/ W.587F | G 2rc | 15F00 . 1541 | 1248 | 1667 | 2778 | S Y20 | 1.9 | 570/ | r2870 | 20400 37500 | 43240
2a5H 3162 | 2/97 | 7732 | /70/ 3554 05579 | $.3/0 | r58/0 0./518 | 1247 | 1658 | 2745 | 8. 3¢s | /730 | 5573 | 12§20 | 25990 | 37440 | 42270
21 2970 | 2072 | 7607 | 1708 W 3403 W) 5925 Gz52 | 15850 .:925 | 172.3)| 10e8 | 2752 | 5554 | 12.54 | 5978 | 12690 | 27240| 89220 | 44750
zz 2523 | 1780 | 7315 | 1669 P 36ze BWF0Ze | 9.230 | tsigpo W.194/7 | 1£9F | 10698 | 28§83 | d.2/2 | 17.74 | 7152 | 12420 | 30810 | 451/0 | 508650
23 2076 | /482 | 7017 | /3% P Bl WGZ08 | G./07 | 19400 )./955 | 13.25 | 17¥45 | Bo4S | 3050 | 2551 | 886 | 12240 | 35650 | 53380 | 55720
z¢ 1734 | 1250 | o785 | 147 2663 B0.9352 | G 009 /3300 |).197% | 1388 | 1Fo5 | 3258 | 6.056 | 37.04| 10950 | 12252 | 41290 | 325D L8750
zs
Z6
27
z8
29
3o wto | 424 | 5959 | 952.2 0. B762 L1027/ | S.42¢ | §o2/ .2/07 | 1559 | 2750 | 7362 | /19./2 | 265.4 | 52580 |/, 390 | 113,500 | 2/9 100 | 224000
32
34
3
3¢
S0
44 i
49| 4¢.33| 5/ 63 | 5595 | doo.o P.385¢ | 10957 | §.094 | 3723 D.7457 | 1G4 | 1S2/0 174500 | 150-F | 22750 |1993,000| 75,90 | 544400/, 530,000\ 4 5%, 000
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TABLE 4 (Continued)

AEDC-TDR-62-231

41 42 43 44 45 46 47 48 49 %o 50 52 53 54 55 56 57 58 9 G0
F | | o, | FT | e K< °F °F °F il f;d “Cit,| °F | Sec == 5::7:'
| 579, Tew 7a | 74-7ew |7r-7a | g L7 7% 4 v* _KE
z + 4 x =4 Y - E 74 2
2| LIAPETe.e o 2o eeseeee g || o oo Py
S5.6

ve.25| 2§99 | 575 | 15038 | 2878 | 3497 | 23457 274 | 1200 | 532 25§ | 939 | 4215 | 1102 | §9.7 | 78.09 | o058 | 1575 | 1+ 400! 4.93 0278
17 | 3134 9524 | 12920\ Bz32 | 6592 | 2568 283 Vet | 552 269 7 439/ | 17149 | Go.C | §54.8C | 7201 | /1§75 | 159 /00 | 500 (ooZ7/
18 (3540 | 12530 | 12740 | 8503 | Swe7 | 2543 | 238 | w2 | 573 275 | §5) | 417 | 7208 | 1.8 | 9367 | s774 | 1575 | 175600| 523 Bovzez
/9 | 8570 | /4570 | /2550 | 4357 | o580 | 3253 308 | r090 | 590 282 o7 47.59 | 12Y5 | 63.0 | 100.8 | 10/6/ | 1575 | 169000 5.35 pow?se
20 | 4o54 | 16430 | 12490 | 4e72 | /1700 428 | /3 1070 | 597 254 f80 A825 | 12wz | 3 | 1050 | jrozs| 1595 | 196 00| 542 Boozsz

20.5M H/43 | 17100 | /12407 | 4518 | 2340 | 3573 | B/5 0359 | J99 284 F+o 4793 | 1254 |50 | 1045 | 11004 550 /98,300 | S 43 poozs2
2l | 8780 | 14250 | /2500 4224 | 0070 | 3173 303 /086 | 582 279 ¥57 | 4560\ /198 S | 10573 | 1108F | 1578 (9740 | 542 24{37
22| 8026 | 9157 | 12754 | Sos4 | ¢r03 | 247/ 274 17/ | 527 249 5950 | A1.14 | 1076 | 4.7 | 10/ | 10322 | 1675 | o 500 | 536 lovzse
23 | 2375 | o4/ | 13210 | 2130 | 3511 | 1874 | 250 | 1270 | 475 225 | G2t | 3563 |0.932 | 7.8 | §5.00| 9025 | 1575 | 178 /00 | 5 25 |heawzes
24| /907 | Sodd | 13770 | 1529 | z115” | 145Y | 228 | 13858 | 417 /89 970 | 3150 |0.52¢ | &8 7 §7.18 | 7600 | /87 | 103500 5./ 0 26
25 Gl | 7923 | 6277 | /575 |18 oo 495 Wooz77
2 71,25 | so82| /1890 | 134 200 | 4. 50 P2
27 6532 | 4207 | /575 122500 | 4. .66 phooZ254
25 550/ | 3553 | /575 |1/ Feo | 452 WBoo303
29 5423 | 294/ | 1890 | 102 500| 440 Boo3/2
30| /00| 379.5 | 235890| z56.6| 122.9 | S50.6 | /33 25387 | 213 fo 22 /12.36 (. 323 7//, o So.38 | 2838 | 1575 | 9ddec| 4.25 Qagza
32 I3.41 | 1854 | 1575 | §/3%0 | 4.09 Woo335]
34 2506 | /1YY | 575 | 71300 | £.92 L7
3L 3359 | 48 | 1875 | o354 | 577 Boo3ed
3¢ Sos0 | 930 | 1576 | STzz0| 3. 05 poo37e
4o 2772 | 78 | /578 | 52000 | 3.5 peoo357
44 23.46 | Jso | 550 |44 /00 | 3.5 Poodos
49 | 2/2.5 | 4517 | 245400 | ¥3.67| 1457 | 359 §7 | /310 | 100 /3 /w75~ | 1.9 |0.05 | 79.0 | zo. 32 413 1588 | 35240 3.2/ ‘Mo4/27
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TABLE 2

-

FLOW AND PRESSURE REQUIREMENTS FOR VARIOUS ANNULUS HEIGHTS OF THE MACH 10 THROAT SECTION

h:zz‘;}i:‘s ry - ry, in. 0. 080 0.090 0.100 0.110 0.120 | 0.130
ry @ + 1, in. 1.080 1.090 1.100 1.110 1.120 1.130
r3+ ro @ +1, in. T 2080 2. 090 2.100 F 2.110 2.120 2.130
—('r3 +13)%8 | 308, in. 0.8 1.7965 1.8035 1.8110 1. 8175 1.8240 1.8315
®x @, inl8 0. 1437 0.1623 0.1811 0.1999 0.2189 0.2381 |
x0-8 390 x () , gpm?-8 56. 07 63. 30 70. 62 77.98 85. 40 92.86
ggguilgs"i ® 125, gpm - 153.6 178.5 204.0 231.5 259.5 288.5
:2 - rp2 @?%- 1. in.2 0.1664 0.1881 0.2100 0.2321 0.2544 0.21769
0.1021/(8) 0.6136 0.5428 0.4862 0.4399 0.4013 0. 3687
v @ x @, fps 94. 20 96. 90 99.18 101. 85 104. 15 106. 37
v 2, (tps)? 8875 9390 9836 10380 10840 11320
v2/2g 1) /64. 34, ft 137.9 146.0 152.9 161. 4 168.6 176.0
_XE:;City 0.433 x_@s,\psi 59. 75 63. 22 ' 66.23 69.90 72. 98 6.20
@ x 7.535 8.718 9.918 11. 21 12. 49 13.83
Re x 1073 15 x (19 | 1sa 130. 8 148. 8 | 1681 187. 4 207. 4
o ‘_:@70'32 4.540 4.757 4,957 5.160 5.336 5.512
't lo.ootas 0.01371/3) 0.00442 0.00428 0.00416 0. 00406 0.00397 0.00389
o 7;4_*0.01346 x () x 104 0.5949 0.5760 0.5598 | 0.75;165 0.5344 0..5235J
@ x @7@7“_ 6.600 6.010 5.507 5.062 4.637 4.283
Eggiliiza‘rﬁi;; ® + ®,f psi | 8615 | 8726 | 88.26 90.15 91.53 93.33 |

L€Z-29-3Q1-243Y



TABLE 4 (Concluded) AEDC-TDR-62-231
&! &2 22 &4 I~ & &
ral £ 4L,
36) x (| Apa + Lpa.,
.00/4+-O/X54/6:4@ ~ |z @KAZ Z Ap
625 cod/E ), 5626 | 2.7
17 G.rcdl 5532 3.2 3.0 .2 22
/5 . rodoz . s 1/ 3.5 3.5 3.5 &7
17 Worziol 5320 | 4.3 40 | 4.0 9.7
22 0.ro273 0.5290 | 4.7 4.5 4.5 /Y2
251 p03%92 $.527¢ | 4.6 4.¢ 2.6 /& &
2l Pooz25z 5290 | 4.7 4.6 Z2.0 /5
Z2 Peoide (. 5230 4.4 4.¢ 4.4 23.4
220 ceodrs B.5=77 3.9 4.2 4.2 =278
AN rrdes (L5772 =z F-C& 3.6 3.2
Z5 Pordr/7 ¥ se s 2F 2.c J.0 2.2
Ze poofd2e 0. 3TIY | 7 ¢ Z.& L& 3e¥
Z7 V.rrd34 | SE42 2.0 2.2 2.2 37.0
28 Y.ooddz | 5003 /7 /.£ /.5 0.8
29 Vorsiz PoordS 4 /. C /& 42.4
FE V. rodeo o.a/ﬂ/ ;7 /.3 /-3 43.7
S Vred75 6394 | Lo /. / 2.2 459
S4 VLoed70 06595 | ¢8| .9 /- F 47.7
S¢ poresed o754 | (e .7 /4 | 477
" Yeoes/e [LeTdy | (.5 (.G /.2 s50.Z
4o poesz7l 7095 | (4 0.4 0.5 | s7/
JApcesdS 0. 727¢ | (.2 ¢.4 1o | S2.7
48 Yorse7|l, 7632 | Lz (.2 4-& | 3355
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TABLE

5

CALCULATION OF OPTIMUM THROAT THICKNESS OF THE MACH 12 THROAT SECTION

AEDC-TDR-62-231

(Ref: Eqs. (1) - (9))
| 2 3 4 5 6 7 8 9 Y] 7] 12 13 14 15 16 7 18 9 20
z | 47 K £* | K%y, | k%7 | 46 « -Ya & . Y O’J?-:; a;;:—:) ;:f;ej rﬁxg %gfeejg ffvc;ie': Zifj)
m| LE/NAF| 48/m2 L8442 °F LBAwr | LBANZE| LB/ R LB/ | B4R | LB/ A,
2 2x 57 , 5% 5 | s2o- 12684 ) sro000
ot |22 | @ |0 |0/ B[00 G0 6| - O =5 001 % | B8 0 55|00
Rovs &9 1. 0268 | /. 0542 | 2.0598|0. 053 . 026445 |p. §7/2 | 1. 027/ (0. 027/ | 125.5 | Fowo ). 0257\ 1/ 7.0 3210 | 4720 | 18920 | 27800 | 4/7570 | 18520 2.95:;.'23
o020 72 1.0357 | 10727 | 2.0727 0. 0727 0. 03508 |0. 9257 | 4, 0353 |0. 0353 /23.3 | 17340 0. 08345 +2/.F | 11220 | 34500 | 1/ 00 | 20640 | 36/50 | /3740 |22 350
o25| 85 | soysde | ro92 | 20512 \p.09/2 P.od3e3 ). 568 | Lok |0.odr| 123.7 | 240 |p. 0432 | 12/. 3 | 13950 | 27820 | /1o | 16300 25080 | r0Fe0 | 18720
os0| /3% 1.0536| 1.070/ | 2.107 |0.7107 Y. 0522/ \( 9484 | 10528 |p.0528 | 123.9 | 17700 |p. 0578 | 1217 | 100 7/0 | 28040 | G5F0 | 134/0| 24300 | YoPo | 15220
Qoko| /54 1,074 | 10477 | Z2./47F |0-747F P oos97 . 7327 |1 0706 (0. 0700 | 71254 | 23080 |\, 0073 | 1195 | 21950 | 17750 | 7200 | 9690\ 5470 | 6760 | /¢e50
b,aao 276 1.707/ | y. 2258 | 2.2255 0. 2258 |o, 10174 0. 072 | 1. 1047 |0 .7047 | 120.7 | 34800 \|0. 0987 | /190 | 32850 | 240 | 44525 o515 | 12800 4430 | Jo7o
b,aia 34 1. /928 | 1. 30@/ | 2.306/ |Q. 3o0&/ ). 13348 |. §72/ | 1./350 |0 . 71390 | /27 .l | JT0O\D. 127F 117. 4 | F3z200 | FZ2F0 3770 LS ZO Isso| 3270 | o280
h/w Jo0 | 1./78C | 1.58%0 | 2.3890|0p.3990 ) sa4/35 |0. §44F | 11736 |0./736 | 125.4 | §9520|p./557 | o5 @ | 58/80 | 6520 | o770 | 450 7790 2570 | 5220
120| S22 | 12143 | 1.47YS| Z. 474 04’71»%@/94/7 0. 8784 | 7. 2067|0. za87 | /130.4| 71980 |0./8/& | /| 3200 350 | zZo/o | 2780 coro| Z//2 4500
z22 23 =24 25 2& 27 z? =9 Jo 37 2 33 34 35 36 37
O—;r-;’ G o O e [ i %y Feri |- fr; A (7 G;?"-ri @: LI @.;'La;r’.a Gt % Crorac
482/ (Y | o | oV d 18V P18 in® | La/mt (ko im® | 482 | 48/mE| 48 | 8 in > |18/t | Lot 182 oY [ 48V Y | 48N | LB/t
O O OLC I e O CXP s OEC) DG CECIFORS (OHO OB O CRYx ORCI SHC I ICk
x/0°€ x /0% : x 0@ @ x)0°% "@)nlo'(’
as| 7850 C74| 2557 | 228. 2| #73.2) 772.9 |0 570 | 1750 PporFoz |-zozox | 36010 |- 11990 | 1256.T| 145.8 | -43).5 | 1§72.4| 4/8270
bozo| /28| 1259 | 2589 | 2316 | 507.3 | 420.0 | 22500 | /750 Ppo2d3) |-/6760 | 31500 |- 5542 | 10/57/ 30.7 | ~176.5| 1222.3| 34/G60
Loz’ zo2.¥| ,s94. 6| 2500 | 2282 | 328.3| zo7c | 28190 | 1760 No2995” |-/13540 | s03/0 |+ 9:18-7 0.0 o\ 415 3| so300
A.a.eo 262 4| 279.2| 260.3 | z24.5 | 2316 | 1572 | 338/0 | /760 Wo3537 |-/11850 | 3or70 | 45@0 G,0.2 28.6 | sH.6| 787.2 | 25060
E«m 552.7 | 483.6| 2659 2175 | 135°7| 97.8 | 45070 | 1760 Vo482 |- 5530 | 3/580 | 13460 | y016.3 | /512 | 429.2| 7683 | 27720
&M 18/7.0 |\ 1079.7 | 250.8 | 2Zo7. 4| 5./ 39.9 | &7650 | /755 PooSdo |-4770 | 35/60 | 28080 | /533.7 7584 | 1099.7| /122z2.¢ | 34970
28| o2 1566.2| 254.F 1 /95.3 39 4| 2o | Gorwo | 700 Y.09192 |-1440 | 47720| 41700 | z277.2 | 174Y.7| 1552.5| z028. 4 PIy D7 =)
b1oo | 352 6| 2528.1 | Sr0.7 | /535 27.2 /1.9 2700 1770 171447 |+ zo60 | ¢80 | 55240 | 3207.0| 305/.3| 3/28. 2| 3/30./ | 55950
20| &787.7 | Ha0/.§ | 3229 | ,77 3 zo. 2 725 | 135240 /700 BW/3700 |+ 5070 | oo | 68330 | 4856.0| +669.7| 4505.8 | 4/57/5.8 | c7800
NorE: | Warel riecsboces My vALY COoMSiDELAN v WidHOwT™
SRS T ANTIRLLY AEEEATING THE LEKULTS.
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TABLE 6
FLOW AND PRESSURE REQUIREMENTS FOR VARIOUS ANNULUS HEIGHTS OF THE MACH 12 THROAT SECTION

©e000PO0O0OO0000006O

Qf;ﬁs o 753_—:2}1 - 0,100 o110 0.120 0. 130 | 0.140 0. 150 |
ry (@ +0.660, in. 0. 760 0.770 0. 780 0.790 0.800 0.810
—; +rg | @) + 0.660, in, o 77717_7471‘2-0# 1.430 1.-;;07 1.450 1.460 1.470
71(1“3 1 r2>0-T* _&5 0.8, 0.8 13238 | 1.3313 1.3387 13462 1.3536 1.3610
e @x @, in. 1.8 0.1324 | 0. 1464 0. 1606 0.1750 0.1895 0. 2042
;40:*-* 7?0%:@ g;—}ga'ﬂ 146. 6 [827.7{'_7 177.8 193.8 209. 7 226.0
B T IR O T S N R
ry2 - rg2 (@ ? - 0.4356, in.? 0.1420 0.1573 0.1728 0.1885 0.2044 0.2205
1 ‘0.71"0271*/- 0.7187 | 0.6402 0.5908 |  0.5416 0.4993 0.4629
v @ x @f}psi ] 368. 2 | 374: 382.8 391.4 !398.6 405.0
v2 o '2', (fps)? 135, 500 140, 200 146,600 | 153,200 158, 800 164,000 |
72/2;4-“ 7 777__@764.34, ft | 2108 2179|2218 2381 2468 2549
’ ;z:tfm 0,433 x @ , psi  sizs | 9445 887. 5 42931 1070 1105 )
® x (0 3682 41.20 45.96 50. 89 55. 80 60. 77
Rex 103 | 15 x ] ss2a 618.0 689.3 7635 | 837.2 o115 |
- @ 0.32 ] 7.54 72 | 80 8.37 8.61 | 8.8
”r 777[77;.»0»0‘14 +7<').'oié%i/ﬁéﬁ__rﬁﬁd..ddsizz 0.00315 0.00309 |  0.00304 0.00299 0.00295 |
B | 001316 T@:( 104 0.4333 | 0.4238 0.4158 0.4092 |  0.4023 0.3970
- @ ®/© | sss | sao02 50.78 | 4822 s.6e | a4l
A T BT (B (LS S L L

1€2-29-4AL-0A3Y
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TABLE

7

CALCULATION OF HEAT TRANSFER COEFFICIENTS FOR THE MACH 12 THROAT SECTION
(Ref: Eqs. (21) — (24))

AEDC-TDR-62-231

| 2 3 4 5 & 7 8 9 10 " 12 13 14 15 16 7 18 19 20
€ | 2 |4 | e < % Thie | B
st A 75 72 £, A WA 3 7' |7 | € Y7z |49/+7] V¥V X | St PV PV | kexig®
%@ 0 @@ 2D E+@ 53.3-@4_'-%'&) @%|#Ol@- @ [ @ |@-@
14201 0.7 T 235
145 0- €/ Z379
/5 0.26 Z2369
/6| ).38 | 2832
171 0.35 | 224/
/81 0.79 | 2734 .
WM oo | zovo | 16 | 208 | 1558 | 1. 000 2ooO | 9. 82| 25 | 6770 Wassdy | 4d 72 G10| 2190 |p- 3727 (0. §17 |/¥48.& | 44. P00 | 54. 96 | 77400
19 sz | 15/8 | 1092 | Jo96 | 1503 | 1254 | zygol| 55 99| /589 | fheso 5792 | 43,80\ 54 99| 2408 |p. 33731p. 804 | /399 | 4705 gészZ| 7778
2o| /47 | 1676 | 1070 ef2.8| /(543 | 2l | 3622 (1264 | /467 | 78300 B p3903 | 40.%4 | 72./8 | 2935 | p. 420G|p . 707 | 5.3 | 450 | ¢3.23 | 77907
2/ 18/ /<50 Z36 Y1). 4| 198 | 327 | 4750 |/65.8 | /357 | 72430 hozsyz| 3808 | §£.87 | 3384 | p. Soso|p .78/ St.02| 4335\ 59.31 | 7773/
22| 214 | 1252 72 | 2465 | 1062 | 4.380 | 5734 | 2002 | L2062 |47260 boreto| 35.38 | 125/ | 8715 | p.5573\p .057 | 4095 | 35.5¢ | 57. 38 | 77/08
23| 4o | jof0 516 /49.5 | 957/ | 6.QS2| 6572 | 2294 | 1180 | 628570 peovoed | 3295 | r20.8 | 3950 6706\ p . 007 | 42.85| 2540 | 4258 74292
24| 2 75 955 | 767 G5 47| So/ | 7962 | 7222 | 252.7 | 1113 | 59320 Qoo7204d| 30.90| /1350 | 472 | p. 75400 .c42 | So.ow| 22 co| 55 .30|7.54%478
25| 3.0/ 53 723 | 54.37| 758 | G owo| 7728 | 269.8 | 1058 | 56370 paoS107 | 29.21 | ;4T85 | #4317 |5.8837310.622 | 22.06| 547 | 29.49 | 74726
26| 525 77/ 699 45.12| 730 |10.502| 5144 | 2593 | jord | 54050 p 003730 27.77| 1556 | 4432 | 9. Geo0lo. 605 | re.50| 15 24| 25,9 |740r2
28| 3.9 | o¥5 | oo 2410 642 |)5c/c| §782 | 300.9 | 949 | 50580 hooz/52| 2540 1512 | 4602 | 1.0573|0.578 | G516 /0.67 | 18.4C | 72602
30| 40 ssz 002 | ,4o3| 577 |16.728 | 923 | 322.4 | 599 | 47920 hooysso| 2845 2ood | 47/7 | 125%0(0. 557 | &.075| 7.74/5| /15 9/ |7./333
52 | 446 | 452 sdo S9| 53/ |19.592| G588 | 334.7 | Fao | 42/60 Yooosdsd| 21.95 | 219.0| 4507 | o206 |p.543 | Hoed| 5773 | ro0o8|7.0205
34| 4.77 | 432 | 523 | 5957 4985 |22.753| G529 | 543,/ | 54/ | 44820 hoooste7| 2078 | £234.2| 4567 |\ 15573 |p. 582 | 2904 Hor0| Loes|6.9378
36| S0 | Z92 s50 | 423/ | 471/ |z25c0d| 10037 | 350.4 | §21 | 43760 Yovod328| 17.50 | 2484 | 4515 | s75%0|c. 5238 | 2128 | 3732 | 734 |0 §F53Y
38| 532 | 50 348 | B.1¥46| H454 28,302 10087 | 355.7 | /0 | #3170 262| 1897 | 2otz | 4955 |, 5206\p.5/F | Lo | 3 r0¥| 5987 | 6. 7768
Ho| goc | 334 | 590 | 27| 490 |S0.94 | j0325 | S04 | Foo |Yzeo s37| 525 | 273.0| 4990 | 2.0873 0.5/ | 1206 | z.o¥2| S.140|6.7110
44| ¢.or | 292 545 | ro0d| 4/ |Se.,zo0| o547 | 3eE2 | 787 | F1950 veos| 1707 | 295.1 | so43 | 292000 .508 | 4. Fo9F| 1957 | F. 856 | .58/
<7 c.44 | 258 A5 | . 9%0d| 402 |1474| so700)| 375.5 | 775 | 413/C pooosoez| s6.0e | Sre.2| s078 | 2.7540|0 .J03 |9 53| 1450 | 2. ?5 4| 6. o3
41
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TABLE 7 (Concluded)

AEDC-TDR-62-231

2y 22 23 24 25 26 27 28 29 30 31 32 33 24 35 36 37 8 9
Bru Erv
LB K Sec & °R
577, /7 |Ce/2 | Co’ rR 2 %a r*/r | 4%4 | 4 /4*
@—236?6 DOM‘@@-/-JGUO @3 @,OS @x @ (27 x @ x @ @2/3 3217 @ x @ @Z @ﬂf
(9) T x 157 x103 3z, x 10°*
/440 ] 650/ )58 V.2535 |0.3420
/5 . ; 7652 1.5945 |, 3534 b, o235~
s ). £58¢ ). 6516 |\ S246 |p. 4727
/G B 1.217 0. 7745 |8, o0 |0. erfoo
/7 ) /.565 ). 5545 |b. go0 8 0. §234
/5 L /- 53310.9797 |b. §eo2|h. 9457
31 537,44 Y 23654 62400\ 242.97 0-9727 | 1.228 | 1./94 ). 2705 | =230 | J03.50.65C |). 785 | 40.95 | 1. 90/ | f.oco | frovo | J.ooo
/9 | 5.3987 W2375 | ¢.2673| 246 170, $0+4F | 1.207 | 1. 105 |).207Z2 | 8/3¢@ | 437.5 0. 695 |U. 785 | 40.78 | 1. 793
20| 54223 p 238658 | . 2909 248.95 0. 9583 | 1./4/ | 1093 |[b.2e50| 2596 | 333.9 |v.c7%0 (p.75/ | 4109 | 1. 375 ;.
2l | soys Wz3750 | 6.273) | 246.%6 ). 7033 | Los7 | 1028 |).z20// | 2684 | 232.9 |p. o867 778 A1.35 ). 954
z2 | 5.3422 23506 | 6.2/08 | 239.58 0. 9511 |p. 552/ ). 9734 |0.2576 | 2507 | 1525 | .o . 77¢ | <1 </6|}. 339
23 | 52606 Y 23/147 | 6./252 | 230.26| f pos” |p. FRO3|Y. 5247 |).z259F | 2357 59621 .cdZ2 |). 775 1.5/ ). 144
29| 5./752 9, 22758 | .04 78 | 221 20| ;. 030 |). 8550 |p. 5737 |). 2525 | 223/ G706\ .ef . 774 | 41.56 |p. 2757
25 | g 040 72458 | 5. G726 2/3.05| /o054 |0 Fo2 |). §457 ). 2507 | 2/30 6. 970,60 |).773 1. L2|). 1956
2¢ | 30326 Yz2/43 | 5.90/2 | 205.50| 1,075 ). 7004 ) #1957 |).249) | 2o¥2 | 33.52|[.c80 |[.773 | 41.02]|]), 14008
28 | 45570 21547 | 5. 7602| 19/.72 | 1.124 |(.e757 |} 762 |0.2472 | 1589 1854\ .80 |p. 773 | Hrezl|p.0772
30| 47647 W 70905 5. 333 | 178.77 | 1.,73 |p. erdo |p. 7202 |\ 2dfo0 | 1772 | 1075 |[. b0 (1. 773 | 41 &2|), ot
32 | 4 o577 ) 20495 | 8.5205 | /0875 | /. 214 |} 35¢e (. 0757 ). 2452 | /057 6734\, 62 L. 7275 | 4/1.57 |h.oz2850
34\ 5052 | zo1od | 54378 | 100.7F | 1. 250 |).5737 |(- o2/ |, 2opefs” | 1370 Y357\ 083 |\ 7760 | 4.6 |h.or59
36 | f 4845 \W,5733 | 5.3534| /5542 1.26¢ |p. 4775 |p.cr141 . z244/ | 1455 | Br50 |(.68¥ |H. 776 | 41 4C ). 0132
38 | 44082 1939 | 5.2768 | /14693 | 1.320 ). 4444 |0.5F50¢ |).2435 | /430 | 2.3// |0 .084 |) .77 | 4146 |).0095F
So | 43424 W /5706 | 57210 | 14#7.50 | 1350 |p. 4175 |j).563¢ |).243¢ | /373 | 1738 |D.&85 |[.777 | 41.40 |[j.c0720
L\ Y 2175 WrEFs55T | 8. 08501 | /137. 57 /470 0,370 . 823/ 22433 1273 1230 |0, 86 ), 778§ | 471.35 |f.cod26
S5\ 40517 0./ 5003 | 45602 /22.05| 1475 |0.5329 |§. 450 [.243/ | 1794 W.¢435|D.006 |).778 | 4735 Yovzeo
. 42




TABLE

8

SOLUTION OF HEAT BALANCE AND PRESSURE DROP EQUATIONS FOR THE MACH 12 THROAT SECTION
(Ref: Eqs. (10) - (16))

AEDC-TDR-62-231

I 2 3 4 5 6 7 8 9 10 1 12 3 14 15 16 17 /8 19 20
IN. A IN. 2 InE ez /¥, IN. o IA. w* Al B2 A 2l 7 el 7 2 _mi};:‘é;: »® :zﬁ,’,_- ,’;’;"
S| " A s 7%l e | ez | ra-ri| e (el | G- |GG A Am As. A3 Ko 7z Lo, 44477
@ | @ 0-00-06-0| &'|e-0|@ 0| 70| 70|76 T0|@® B-2@-@
tol1.0336 | 1-2/52 /.3/24/ S50 | 1.5/00 | 2.2578 (9. /846 | 26006 | 2./499 0. /642 | 4270 | 6.4943 | 70742 | 76542 | 754/ .3528 0.650/ | /939 WozF32|56.855
.5\, I420 | 1.1/02 | 1.2865 | L7325 | 1655/ |2.o522 (). /682 | 2.3967 |2.0/23 ). 1763 0.922¢ | 5.9/58 o 4472 6.575¢ | £327¢ ). 3545 0. 7e52 | 1935 D.03145 | 0. 95
/5 0. 8854 | 1 0/29 | f1F06 | ro2e0 | L 2/75 | /8723 |)./585 | 2.2035 |/ 5514 |9.,777 lo. 39,5 | 53955 | 55520 | 6. 3042 | /2299 . 3343 |0. 598¢ | 1937 Ppo3370 | 5. .28
/6 ). 7227 . 578 | rooc ). 7256 10128 za”M.sz?/ (ESER | 1. oG . /546 |0.2572 | 4.5408 | 49464 | S 3520 D). 50230.2535 | ,.2/7 | 1483 po38§38 | 74.19
/7 0. 6258|0. 7376 ). §750 0. s«/4O\p. 7067 | 1.5634 ). 11/8 | 1.6/32)| 14667 (). /350 |0.2227 | 3.9320 | 4. 2832 |4 634/5°|0. 655¢ 0. 2023 | /1568 | 1925 hod273 | §2.24
1810. 57/ |). 0736 (). SodG 8. 4537 |D.od 74 | 12457 |p. 102/ | 1, 4782 | £.367) |g./370 |b, 1937 | 3.5508|3.9//% | 4.2324|0.0085 0. /757 | /. 535 | 15,2 Bhods7 | §7.4/F
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